6 6 5 a r t i c l e s The retina of Drosophila melanogaster is a highly organized structure composed of ~800 units, called ommatidia, each containing eight photoreceptor cells (R-cells) that form a cluster. Clusters are precisely arranged with respect to each other and the axes of the eye field 1,2 . Five-cell preclusters are first organized in the anteriorposterior axis, and as R-cells are specified, preclusters start to rotate 90° toward the dorso-ventral midline. Frizzled planar cell polarity (Fz-PCP) signaling is associated with cell-fate specification of the R3-R4 photoreceptor pair 3, 4 . In response to Fz-PCP signaling, ommatidial preclusters rotate precisely 90° in opposite directions in either half of the eye, creating mirror-image symmetry across the dorso-ventral midline 1 . Ommatidial rotation follows R3-R4 cell-fate specification 1,2 . During rotation, R-cell precursors of each cluster are held together tightly by increased E-cadherin (E-cad) localization to membranes between precluster cells, but the process also requires the presence of E-cad on the outside membranes of the preclusters to facilitate rotation (hypomorphic mutations of shotgun (shg), which encodes E-cad, strongly reduce rotation) 5 . Besides Drosophila E-cad, N-cadherins have also been implicated in the process, with E-cad again promoting rotation and N-cadherin-1 and N-cadherin-2 restricting movement 5 . The combination of motility of the whole cluster relative to surrounding interommatidial epithelial cells and tight association of precluster cells with each other suggests complex regulation of cell adhesive behavior. Ommatidial rotation is not the only cell-motility process regulated by PCP signaling; for example, cell movements associated with convergent extension in vertebrates are also affected by Fz-PCP signaling 3,6 . Molecular links between the PCP factors and the mechanisms underlying cell motility have remained elusive.
a r t i c l e s directly binds the cadherin cytoplasmic domain, promoting the stabilization and cell-surface transport of cadherins 19, 20 . α-cat binds β-cat through its N-terminal region and can bundle F-actin as well as other actin-associated proteins through its C-terminal region (see, for example, refs. [21] [22] [23] . Several mechanisms regulate adhesion strength and dynamics to maintain tissue integrity and allow morphogenetic movements. These include (i) regulation of cadherin cell-surface delivery and stabilization 20 , (ii) phosphomodulation of β-cat binding to cadherin 24, 25 or α-cat binding to β-cat 26 , (iii) the relationship of α-cat to the actin cytoskeleton 21, 27 and (iv) cis-clustering of cadherins 28 .
Although the Nmo kinase was identified as a rotation-specific factor 7 , subsequent work has revealed several roles for Nmo and Nlks in other contexts: Nlk family members can phosphorylate TCF, β-cat or both (depending on the organism), preventing the TCF-β-cat complex from binding to DNA 29, 30 ; accordingly, in Drosophila, Nmo can antagonize Wg signaling and affect peak levels of the Wg pathway 31 . In addition, Nmo can interact with Notch and Dpp signaling in Drosophila and vertebrates [32] [33] [34] .
Using a new null allele of nmo (nmo DB ), we show here that nmo is required throughout ommatidial rotation to maintain the correct rate of rotation. Genetic and molecular experiments indicate that Nmo binds the core PCP factors Strabismus (Stbm, also called Van Gogh, or Vang) and Prickle, and also interacts genetically and physically with the E-cad-β-cat complex. Nmo binds and phosphorylates β-cat as well as E-cad, which are both required for rotation 5 . Stbm is required for Nmo localization in R4, and Nmo then acts synergistically with β-cat in vivo by phosphorylating β-cat to promote rotation. Our data indicate that Nmo serves as a molecular link between core PCP factors (Stbm) and E-cad-β-cat complexes, regulating the function of such complexes through β-cat phosphorylation during ommatidial rotation.
RESULTS

nmo autonomously regulates ommatidial precluster rotation
To define the role of nmo in rotation, we have analyzed a new null allele, nmo DB (Supplementary Fig. 1) . In comparison to the hypomorphic nmo P allele, nmo DB resulted in a much more severe underrotation, with many clusters unable to initiate rotation and remaining parallel to the equator (Fig. 1) . The defects in nmo DB mutant ommatidia were largely restricted to rotation (Fig. 1e) . Substantial underrotation was evident from early stages of precluster rotation in eye discs ( Fig. 1f,g) . Preclusters having mutations in either allele, nmo DB or nmo P , showed rotation defects as early as in row 5 (the earliest stage when rotation is detectable with molecular markers; for example, see Fig. 1f ,g, in which anti-Sal staining marks R3-R4 and indicates the degree of rotation of respective clusters just after the onset of rotation). In nmo DB eyes, many clusters did not rotate at all and remained in the orientation parallel to the equator at 0°. Similarly, at later stages of rotation, many mutant clusters showed severe underrotation or no rotation at all (we observed this in Supplementary  Fig. 2 , for example, using the psq-GFP R3-R4 marker, which is first detected at about a 45° rotation and continues to be expressed until the end of the full 90° rotation of the clusters 35 a r t i c l e s that R3-R4 cell-fate decisions were not affected in nmo DB mutants).
In adult retinas of wild-type flies, all ommatidia were at a rotation angle of 90° (100%); in nmo P flies the ommatidia were around 50° on average, whereas in nmo DB flies the majority (36.7%) were at a 0° angle ( Fig. 1h ). Furthermore, in sevGal4 UAS-Nmo, 34% of clusters are over-rotated to random degrees (only 65.9% remain at 90°). Together with the disc analyses, this indicates that nmo is required throughout the rotation process. Earlier mosaic analysis of nmo P had suggested that single nmo + R-cells can fulfill the nmo requirement for the whole cluster 7 . A mosaic analysis with the null nmo DB allele ( Fig. 2) revealed the following: (i) the nmo requirement is not restricted to any particular R-cell subtype (in agreement with ref. 7) , (ii) nmo is required in a cluster-autonomous manner in R-cells, as the mutant phenotype was not influenced by neighboring wild-type or mutant interommatidial cells (mutant ommatidia adjacent to wild-type cells had a frequency and degree of under-rotation equal to those of clusters surrounded by mutant cells; Fig. 2a-c) ; (iii) a single nmo + R-cell was not sufficient to rescue a nmo DB mosaic cluster; and (iv) normal rotation did correlate with the number of wild-type R-cells in a mosaic ommatidium ( Fig. 2d ; see cluster marked by green arrow in Fig. 2b with a single mutant R-cell). Specifically, the more wild-type outer photoreceptors a mosaic ommatidium contained, the higher was the probability that the cluster rotated correctly ( Fig. 2d) . This conclusion is supported by the full rescue of nmo P /nmo DB flies (bearing homozygous mutations in nmo) by a tubulin-NmoGFP transgene (expressed in all cells; data not shown). In contrast, other genotypes where Nmo is expressed in a subset of R-cells, such as sevenless (sev) or mδ-Gal4, showed incomplete rescue ( Fig. 2e and data not shown).
Increased Nemo levels cause ommatidial over-rotation
Overexpression of Nmo (for example, under control of the sev-enhancer, which is expressed in R3-R4 in rows 2-7 and in R1-R6 and R7 a few rows later 36 ) in otherwise wild-type eye discs caused a large number of ommatidia to rotate faster and often over-rotate (rotate >90°) ( Fig. 3a-d ; see also ref. 13) . We observed a similar phenotype in clones overexpressing Nmo, using the technique of mosaic analysis with a repressible cell marker (MARCM; data not shown). Notably, rotation was faster than in wild-type flies from earliest stages on. In contrast to wild-type flies, many clusters rotated beyond 45° by rows 9 and 10 ( Fig. 3b-c) . This accelerated rotation resulted in many ommatidia having rotated over 90° in adult eyes ( Fig. 3d ; quantified in Fig. 1h ). Expression of a kinase-dead Nmo variant did not cause rotation defects (data not shown), indicating that kinase activity is crucial. Together with the loss-of-function analyses, these data suggest that Nmo levels and/or activity directly correlate with the rate of rotation.
Nemo genetically and physically interacts with Stbm-Vang and Pk
As an entry point to potential mechanistic links, we used flies with the sevGal4 UAS-Nemo (sev>Nmo) over-rotation phenotype to screen for genes whose products interact with the sev>Nmo phenotype. The sev>Nmo phenotype is dosage sensitive, as it is suppressed when one copy of endogenous nmo is removed (Supplementary Table 1 ). We tested a large set of candidate genes, including those encoding all core PCP components, selected factors from most signaling pathways, and many cytoskeletal or cell-adhesion factors ( Fig. 3) . We identified the PCP genes stbm and prickle (pk) as dominant suppressors of sev>Nmo ( Fig. 3e ; Supplementary Table 1) . Notably, other core PCP factors did not interact with sev>Nmo ( Supplementary Table 1 and data not shown). In addition, Notch (N) suppressed sev>Nmo ( Fig. 3g and Supplementary Table 1 ), suggesting that Nmo regulates or is regulated by input from several distinct pathways (see Discussion).
To corroborate the hypothesis that there is a functional relationship between Nmo and the PCP factors Stbm and Pk, we examined defects in flies doubly homozygous for the hypomorphic nmo P allele and for the mutated allele of either stbm or pk (Fig. 4) . In stbm mutants, rotation angles and direction become randomized (Fig. 4) , and it has been suggested that rotation is slightly delayed 37 . Whereas ommatidia rotate in nmo P flies by an average of 45° ( Fig. 1d,i-j) , in the double mutants many ommatidia did not rotate at all and remained oriented parallel to the equator ( Fig. 4d) . (Chirality was randomized, as is common to stbm − alleles: compare distribution of red and black arrows in Fig. 4c,d .) The rotation defect in the double mutant with the hypomorphic nmo P allele was similar to that observed in the nmo DB null mutant, suggesting that the partial Nmo activity in nmo P flies is further impaired in the absence of Stbm. A similar effect was also observed in pk sple1 ; nmo P double mutants. The impact of adding a second mutation was particularly evident here, as in the pk sple1 single mutant, rotation was normal despite randomized chirality ( Fig. 4f ). Note that often in double mutants rotation was not initiated and clusters remained Figure 2 nmo is required in a cluster-autonomous manner for rotation. (a-c) Tangential sections of adult eyes in mutant clones of nmo DB , marked by absence of pigment. Wild-type clusters appear 'outlined', as seen in the middle band of the section in a. Dorsal is up and anterior left. In a, examples of nonrotated ommatidia adjacent to wild-type tissue are highlighted by yellow arrowheads. Right, schematic of ommatidial orientation as in Figure 1 ; wild-type area is shaded gray. In b, green arrowhead marks an under-rotated mosaic ommatidium. c shows a mutant ommatidium (yellow arrowhead) surrounded by wild-type clusters.
(d) Quantification of rotation in mosaic ommatidia. WT, wild-type. (e) Eye section and schematic of rotation as in a, from sev>Nmo; nmo P /nmo DB flies. These flies have two mutant alleles in nmo but express Nmo protein in a subset of R-cells.
a r t i c l e s in the original position by row 10 and later ( Fig. 4e) . In discs, GFP-tagged Canoe protein (CnoGFP) was used to label all cells at the adherens junctions ( Fig. 4g,h) , showing that lack of rotation at larval stages led to defects in adult eyes. As these defects were detectable from early stages of precluster rotation ( Fig. 4g,h) , the phenotype is probably due to a failure to properly initiate rotation. We next tested for physical interactions between Nmo and core PCP factors using glutathione S-transferase (GST) pull-down assays. Nmo bound to the Stbm C-terminal tail (StbmC) and the part of Pk common to all isoforms (PkC; Fig. 4a ). Other PCP factors such as Dishevelled (Dsh) and the PkM peptide did not bind Nmo (Fig. 4a,b and data not shown). These interactions were confirmed in yeast two-hybrid assays (data not shown). Given that Nmo physically binds Stbm, we also asked whether it can phosphorylate Stbm. In in vitro kinase assays with purified, active Nmo kinase and Stbm as a substrate (see Online Methods), Nmo did not phosphorylate Stbm, whereas it did phosphorylate itself and several other targets (see below).
As there are no reliable antibodies to Nmo, we generated transgenes encoding Nmo with a GFP tag (NmoGFP; expressed under tubulin-Gal4 or sev-Gal4 control). NmoGFP is generally localized in a ubiquitous manner throughout each cell, including association with the membrane and nuclear localization ( Fig. 4i, Supplementary Fig. 3 and data not shown). Low expression under a ubiquitous promoter revealed that NmoGFP was enriched asymmetrically on the R4 side of the R3-R4 border membranes ( Fig. 4i-k , examples marked by arrowheads; this localization was observed throughout the rotation process). Stbm is asymmetrically localized in R4 in a similar manner 38 . At later rotation stages, NmoGFP is more abundant in R4 than in R3, like the core PCP factors. This NmoGFP pattern is probably the result of post-transcriptional stabilization, as it is seen with ubiquitous expression from tub>NmoGFP promoters ( Supplementary Fig. 3e ,f and data not shown).
As Nmo genetically and physically interacts with Stbm and is enriched in R4, we next analyzed whether Nmo and Stbm are required for each other's localization and/or enrichment. Although a nmo loss-of-function mutation or Nmo overexpression did not affect Stbm localization (or that of other core PCP factors; data not shown), localization and enrichment of NmoGFP were both markedly reduced in a stbm mutant background (GMR>stbm RNAi ; Fig. 4l,m) . In particular, the levels of Nmo in R3 and R4 were indistinguishable in the mutant, in contrast to the high R4 levels in wild-type flies (compare Fig. 4l ,m and see also Supplementary Fig. 3e,f) . The membrane enrichment at the R4 side of the R3-R4 border was also lost (Fig. 4l,m) . These data suggest that Stbm is required for proper localization or stability of Nmo in R4, and thus Nmo is functionally linked to the R4-specific PCP factors Stbm and Pk.
Nemo binds and phosphorylates b-catenin and E-cadherin
Among the cell-adhesion and the cytoskeletal and cell-architecture factors, E-cad (shg) and β-cat (arm) were strong modifiers of the sev>Nmo phenotype ( Fig. 3f and Supplementary Table 1 ). Of note, only arm null alleles showed an interaction. arm alleles that produced defective Wg signaling but retained cell-adhesion function did not interact ( Supplementary Table 1 ; this is consistent with observations that E-cad-mediated rotation does not interact with Wg signaling 5 ). These genetic data suggested that Nmo function requires components of the cell-adhesion E-cad-β-cat complex.
We thus tested whether Nmo can physically interact with and/or phosphorylate E-cad or β-cat ( Fig. 5) . GST-Nmo bound β-cat from SW480 cell lysates similarly to purified Xenopus laevis β-cat (Fig. 5a) . The double band from 35 S-labeled Nmo probably represents an autophosphorylated form of Nmo. GST-β-catenin also bound in vitro-translated Nmo (Fig. 5b) . Similarly, a GST-tagged form of cadherin containing only the cytoplasmic portion (GST-cad) pulled down both Nmo and β-cat, individually or together (Fig. 5c) . Using purified proteins for all three components and testing phosphorylation of each factor (and binding to GST-cad), we observed that Nmo phosphorylated both β-cat and GST-cad (and itself) in the presence of ATP ( Fig. 5d ; note slower-migrating phosphorylated bands in presence of Nmo and ATP). However, whereas β-cat bound in a stable, stoichiometric manner to GST-cad, only traces of Nmo were detected bound to GST-cad, suggesting a transient interaction (Fig. 5d) . Nmo can bind cadherin in a more sensitive western-blot assay ( Fig. 5c ; note that antibody to a histidine epitope attached to Nmo (anti-RGS-His, Figure 2 ; dorsal area of eye is shown and anterior is left. For quantification and results with other genotypes, see Supplementary Table 1 .
a r t i c l e s where RGS denotes the amino acid sequence preceding the histidine tag) recognizes this epitope with a much higher sensitivity than the common histidine epitope present in His-β-cat). Presence of ATP did not affect binding of the kinase.
Similarly, immunoprecipitates of Nmo efficiently phosphorylated β-cat, but those containing a kinase-dead (kd) Nmo isoform did not (Fig. 5e) . These phosphorylation events were specific: whereas Nmo phosphorylated β-cat, cadherin and itself ( Fig. 5f ; right gel shows protein staining and left gel shows 32 P signal), it did not phosphorylate the PCP factor Stbm (or control GST; Fig. 5f,g) . In summary, our molecular data indicate that Nmo can associate with cadherin-β-cat complexes and specifically phosphorylate them.
b-catenin and Nemo act synergistically in rotation
Phosphorylation of E-cad and β-cat has been proposed to affect their association 18, 39 . To determine whether Nmo phosphorylation can affect E-cad-β-cat association, we performed titration assays, comparing the binding of β-cat to cadherin in the presence or absence of phosphorylation by Nmo. We did not, however, detect an effect of Nmo on the formation of β-cat-cadherin complexes in vitro (Supplementary Fig. 4) . As phosphorylation can impact adherens junction structure and dynamics in several ways, we next tested whether β-cat and Nmo act together to promote rotation in vivo. Stable β (-cat isoform ArmS10 (a truncated isoform that is not subject to degradation 40 ), which gives rise to gain-of-function phenotypes in both nuclear Wg-Wnt signaling and cell adhesion was expressed alone or coexpressed with Nmo (under sev-Gal4 control; Fig. 6 ).
At 25 °C in sev>ArmS10 flies, almost all ommatidia were unscorable owing to the gain in nuclear Wg signaling. Notably, however, in sev>ArmS10; UAS-Nmo flies most ommatidia were scorable, and the majority of these (>90%) were over-rotated. The over-rotation in flies with the sev>ArmS10; UAS-Nmo genotype was much greater than in any other genotype tested, and less than 10% stayed at a 90° angle (Fig. 6e,f and Supplementary Fig. 5) . At 25 °C, the ArmS10 gainof-function effects on nuclear Wg signaling were too severe to allow accurate comparison of the effects on rotation when ArmS10 was coexpressed with Nmo. At 18 °C (with reduced expression owing to the temperature sensitivity of Gal4), the effect of Nmo on ArmS10 in rotation was testable. Notably, although expression of either Nmo or ArmS10 alone did not produce marked rotation defects at 18 °C, coexpression produced many over-rotated ommatidia ( Fig. 6a-d) .
ArmS10 coexpressed with the kinase-dead Nmo isoform had effects similar to expression of ArmS10 alone, confirming that kinase activity is required for rotation ( Fig. 6c) . These data suggest that Nmo and β-cat cooperate to promote rotation and that the kinase activity of Nmo is required.
To confirm that this effect is due to direct phosphorylation of ArmS10 by Nmo, we identified Nmo target phosphorylation sites on β-cat (Arm) in vitro. This revealed that three serine and (Supplementary Fig. 6 ). To determine whether these sites are physiologically relevant, we established transgenic flies expressing stable ArmS10 with the three sites mutated to alanine (UAS-ArmS10 AAA ; Supplementary Fig. 6) . Notably, in contrast to normal ArmS10, when ArmS10 AAA was coexpressed with Nmo (under sev-Gal4 control), the distribution of the rotation angles (over-rotation) resembled that of flies expressing Nmo alone (UAS-Nmo). Over-rotation was markedly suppressed as compared to UAS-Nmo, UAS-ArmS10 flies (Figs. 6f,g; quantified in Fig. 6h and Supplementary Fig. 7) . Expression of ArmS10 AAA alone at 25 °C resulted in typical Wg-signaling gain-of-function defects, with R-cell death rates similar to those in flies expressing ArmS10 (Supplementary Fig. 5 and data not shown). This precluded an analysis of rotation, and the ArmS10 AAA flies had no rotation phenotype at 18 °C. The subcellular localization of Arm or ArmS10 was not affected by the AAA mutations (Supplementary Fig. 6 ). We also analyzed two independent insertion lines for sev>ArmS10; UAS-Nmo and sev>ArmS10 AAA ; UAS-Nmo and found similar effects (Supplementary Figs. 6 and 7 , and data a r t i c l e s not shown). Together, these data suggest that Nmo-mediated phosphorylation of the β-cat (Arm) C-terminal sites is crucial for the regulation of ommatidial rotation in vivo but has no effect on other functions of β-cat. These in vivo data confirm that Nmo binding to E-cad-β-cat complexes and phosphorylation of β-cat on the C-terminal sites is physiologically relevant, and thus the Nmo kinase promotes rotation via β-cat.
DISCUSSION
Ommatidial rotation is an example of cell motility regulated by Fz-PCP signaling. Our data indicate that Nmo regulates the activity of E-cad-β-cat complexes and is linked to the core PCP factor Stbm. Nmo promotes β-cat's function in rotation by directly phosphorylating β-cat, while integrating signaling input from PCP (Stbm-Pk) and possibly other signaling pathways, including Notch (see below).
Our analyses of a nmo null allele indicate that nmo is required throughout the rotation process, and many clusters in null mutants do not rotate at all. Accordingly, increased Nmo levels (sev>Nmo) cause faster rotation and over-rotated ommatidia, suggesting that Nmo regulates the rate of rotation. Mosaic studies reveal that nmo is required in all outer R-cells, as only fully (wild-type) nmo + ommatidia are 100% certain to rotate normally. A recent report has suggested that nmo is required mainly in R1-R6 cells 8 . The difference from our data is probably explained by the fact that the study in reference 8 used a hypomorphic allele, with which a portion of gene function is maintained. Consistent with our study, another report 7 has also concluded that nmo can function in any R-cell.
Genetic, physical and functional interactions indicate that Nmo regulates the activity of E-cad-β-cat complexes during rotation. Stable β-cat (ArmS10) affects both nuclear Wg signaling (resulting in photoreceptor loss) and junctional E-cad-β-cat complexes (resulting in aberrant cell adhesion). Not only does coexpression of Nmo with ArmS10 block increased nuclear β-cat signaling (as expected 29, 30 ), but Nmo also acts synergistically with ArmS10 to raise the rate of rotation (as compared to the rate seen with either Nmo or ArmS10 alone). This synergy is dependent on the presence of the Nmo phosphorylation sites in β-cat as well as the α-cat binding region of β-cat ( Fig. 6 and data not shown). Our data indicate that (i) Nmo directly phosphorylates β-cat, (ii) this phosphorylation is physiologically important and (iii) Nmo phosphorylation of β-cat is necessary for the two proteins to act synergistically.
Our data suggest that Nmo connects the core PCP Stbm-Pk complex to the activity of E-cad-β-cat. Consistent with this, mutations in stbm and pk enhance not only the nmo P rotation defects but also rotation defects of hypomorphic shg (E-cad) backgrounds 41 . As the presence of the Stbm-Pk complex seems to increase the amount of Nmo at R4 membranes and junctional complexes, we hypothesized that a rise in Stbm levels would increase the ability of sev>Nmo to cause an over-rotation phenotype. This is indeed the case (Supplementary Fig. 8) . These data indicate that Nmo serves as a link from PCP factors to the E-cad-catenin complexes. The data are consistent with a model in which the Stbm-Pk complex helps to recruit and/or stabilize Nmo at membrane regions (where the PCP factors partially overlap with E-cad-β-cat complexes [42] [43] [44] ).
The effect of Nmo on E-cad-β-cat complexes could be mediated either through the dynamics of lateral clustering (for example, formation or disassembly of higher-order E-cad-β-cat complexes) or through changes in the interaction of β-cat with other associated proteins 18 . An E-cad::α-cat fusion protein (which bypasses a β-cat requirement and provides stable adhesion 45, 46 ) is not influenced by Nmo, suggesting that once α-cat is part of the E-cad-catenin complex Nmo cannot affect their activity. It is thus possible that phosphorylation of β-cat by Nmo affects the E-cad-β-cat complex activity (as an ArmS10 AAA isoform with the Nmo target sites mutated no longer cooperates with Nmo) and this phosphorylation may also modulate interactions of the complex with other binding partners, such as α-cat. The interactions of adhesion and planar polarity during the early 'convergence-extension' rearrangements in the fly embryo suggest a mechanism in which a polarized pattern of junction remodeling drives cell intercalation [47] [48] [49] . Polarized activity of RhoA and Myosin II (encoded by zipper) regulates adherens junction disassembly along the anterior-posterior axis, primarily by regulating lateral cadherin clustering without affecting surface levels of cadherins. The specific effect of RhoA on rotation 50 , along with the interaction of nmo with zipper 14 , supports the idea that actin-myosin contractility is downstream of Nmo. Loss of maternal contribution or Nmo overexpression in the embryonic epidermis phenocopies shg alleles or ArmS10 cuticle defects, respectively 40, 41 . Thus, Nmo may be generally required in epithelia undergoing morphogenetic movements, where it modulates polarized remodeling of adherens junctions in response to local asymmetries created by, for example, the activity of PCP signaling complexes.
In conclusion, this study defines a framework in which Nmo serves as a link between PCP (Stbm) and the regulation of adhesive cell behavior at the level of adherens junction complexes. Although Nmo is recruited and/or maintained apically by the Stbm-Pk complex, other factors must affect Nmo activity or localization as well, because the set of cells requiring nmo (all outer R-cells) is broader than the set of cells requiring stbm (R4). First, the Nmo could regulate rate of rotation independently of the PCP complexes through Notch (N) signaling and/or Egfr signaling, as suggested by genetic data ( Supplementary Table 1 ): N − alleles strongly suppress sev>Nmo, and N functions in all R-cells. Second, an asymmetric input or localization of Nmo by Stbm would provide a direction to rotation. Thus, a Notch-Nmo interaction in all cells and an asymmetric Stbm effect in R4 could combine to regulate both rate and direction of rotation. The observation that zebrafish Nlk enhances the PCP-specific Wnt11 cell migration defects in prechordal plates 51, 52 , which also requires E-cad complexes 53 , supports a general Nmo-mediated mechanism in PCP-associated cell movements.
METhODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/nsmb/. 
